Split cooling system is widely adopted for transformer cooling in underground HV and EHV substations in China. The cooling efficiency of oil-immersed transformer split cooling system is influenced by many factors, such as the cooling mode, the separated distance between transformer and the cooling installation, and the hoisting height of the cooling installation, etc. In this paper, typical cooling mode and split cooling installations in underground HV and EHV substations in Shanghai are investigated. For the investigation of the impacts of these factors on the cooling efficiency, cooling experiments are carried out with different layouts of split cooling installations on an 110kV/80MVA oil-immersed transformer and its split cooling system. The investigation and experimental results show that the cooling efficiency of the ODWF, OF/OF/AN and ONAN cooling modes decreases in turn. The horizontal distance between the transformer and the split cooling installation has little influence on the cooling efficiency, whilst the hoisting height of the cooling installation will significantly affect the cooling efficiency. Lifting the radiator will slow down the oil flow between the transformer and the radiator in the cooling system and thus reduce the cooling efficiency.
INTRODUCTION
Large cities have been densely covered with population, high-rise buildings and heavy power loads, while land resources are scarce in the urban load center. The construction of high-voltage high-capacity underground substations has become a solution to meet large city's growing power supply demand [1] [2] [3] . Underground substation has the characteristics of large capacity, compact equipment layout, high operating reliability and noise control requirements. The integrated cooling mode requires the transformer room to be large enough to layout the wind ventilation opening area and take forced air exhaust measures to improve the heat dissipation, which increases the difficulty of substation design and noise control [4] .
In order to meet the cooling needs of large capacity transformers in underground and indoor substations, split cooling mode is often adopted with the transformer body and the radiator separately arranged. The cooling efficiency of the cooling system is related to the reliable operation and life of the transformer. The transformer temperature rise test results should comply with the requirements of GB1094.2. For large-capacity oil-immersed split cooling type transformer, due to the difference between factory test and the actual operation circumstances, it is difficult to arrange a factory test in accordance with the operation circumstances. The effectiveness of factory test is difficult to evaluate. Effective test method of split cooling system for large-capacity HV and EHV transformer is still lacking. In order to select the cooling system and ensure the safe operation of the transformers, it is necessary to carry out some investigation and experimental evaluation on the operating performance and cooling efficiency of split cooling systems.
This paper investigates the operation of the split cooling systems in underground substations in Shanghai. Based on the investigation and the conditions of field test, a test scheme of cooling efficiency for a split ONAN cooling system used in oilimmersed transformer cooling in an actual substation is designed. An 80MVA/110kV oil-immersed transformer was used in the test. The layout of the transformer and the radiator were adjustable in the test. Heat dissipation simulation tests were carried out under different layouts, such as, under different distances between the transformer and radiator, etc. The oil temperature rise at the top of the transformer, at the radiator inlet and outlet of the radiator, at the high voltage winding, and the temperature of the radiator were measured under the different test conditions. The impact of the radiator arrangement on the temperature rise of the transformer is then analyzed. The cooling efficiency test method of the split cooling system is discussed. Some technical suggestions on the layout of the split cooling systems are also provided.
INVESTIGATION OF TRANSFORMER SPLIT COOLING SYSTEMS IN UNDERGROUND SUBSTATIONS
For oil-immersed transformer, the internal heat of the transformer is transmitted to the shell and the radiator surface through the internal cooling medium by conduction and convection, and is further dissipated by the radiator through the external cooling medium. The heat transfer mode is related to the cooling mode of the radiator. According to the mode of internal oil circulation in the transformer, the cooling mode of oil-immersed transformer can be divided into natural, forced and directed oil circulation types. For the cooling mode of the external radiator, it can be divided into natural air cooling, forced air cooling and forced water cooling types. In the design of transformer cooling system, transformer capacity, voltage level, substation site conditions and other factors are taken into consideration to choose the internal and external cooling mode, such as the combination of Directed Oil circulation and Forced Water circulation (ODWF), Nature Oil and Nature Air circulation (ONAN), and Forced Oil-Oil heat exchanger and Nature Air circulation (OF/OF/AN) mode, etc.
The main split cooling systems of transformers in typical underground substations in Shanghai were investigated. The cooling mode and main devices in the cooling system in practical application is shown in Table 1 . Among the three cooling modes, ODWF mode has the highest cooling efficiency. The cooling system includes oil-to-water heat exchanger, closed cooling tower, circulating water pump, water sprinkler system fire control, and protection system, etc. The shortages of such cooling mode includes its relatively complex structure, high construction and maintenance costs, high noise from cooling tower and circulating pumps, etc. The OF/OF/AN cooling mode has a moderate cooling efficiency, construction cost and system complexity, but need to be equipped with more circulating pumps (for transformer oil and cooling oil circulation). The circulating pumps are located in the transformer room and will produce high noise when all the circulating pumps are put into operation. The ONAN cooling mode has the advantage of simple layout and low construction cost, but its cooling efficiency is the lowest. Due to the high pressure in the transformer tank under this mode, the risk of oil leakage and fire is also relatively high.
In 220kV Wanping underground substation, the transformer body is located 11.95 m underground in the transformer room, the radiator of the ONAN mode split cooling system is installed in the open air at 1.5m above the ground. The transformer and the radiator are connected directly through the oil tube. The cooling system utilizes the thermodynamic force generated by the temperature difference between the upper and lower oil to realize the natural circulation cooling.
OIL-IMMERSED TRANSFORMER SPLIT COOLING EXPERIMENT
Considering the investigation of impact factors on the cooling efficiency under ONAN cooling mode, the oil-immersed transformer body and the plate radiator are designed to be separated at different distances with the height of the plate radiator adjustable. The relative position adjustable (horizontal and vertical) experiment layout of the transformer and the radiator is shown in Figure 1 and Figure 2 . In the vertical relative position adjustable experiments, the bottom of the plate radiator is raised up to 5.75m from the ground. The front and side view of the experiment layout is shown in Figure 3 .
A three-phase 80MVA/110kV oil-immersed transformer with ONAN mode split cooling system is adopted as the EUT in the experiment. The split cooling system consists of 22 sets of plane radiators. There are 31 pieces of plane radiator ( 2000mm long × 520mm width) in each set. The transformer oil outlet, which is connected to the plane radiator oil inlet, is located at the top of the transformer body, as shown in Figure 3 (b). The transformer oil return port, which is connected to the plate radiator oil outlet, is located at the lower side of the transformer body, at the diagonal position of the transformer oil output, as shown in Figure 3(a) .
The temperature measuring system consists of thermodetector adopting chip type thermocouple sensor and infrared thermal imager. The temperature distribution on the transformer body and on the radiator surface is observed using the FLIR infrared temperature imager. The ambient temperature measuring point is arranged at 4 places located at 1/2 height of the transformer and 2 meters away from the surface of the transformer tank to avoid the impact of direct heat radiation on the ambient temperature record. In order to avoid the impact of air flow on the ambient temperature measurement, the thermocouple sensors are placed in liquid. During the tests, the temperature rise at the top layer transformer oil and on the iron core, as well as the temperature at the surface, at the inlet and outlet of the radiator are recorded.
Under the horizontal layout as shown in Figure 1 , temperature rise experiments are carried out with the distance between the radiator and the transformer body is changed from 5.2m, 5.8m, to 6.4m. Under the vertical layout as shown in Figure 2 , the distance between the radiator and the transformer body is adjusted to 5.2 m. The bottom of the radiator is lifted to a height of 5.75 m from the ground in the vertical direction. The same temperature rise test as in the horizontal test case was carried out. In all the experiments, the load level of the transformer and the configuration of radiator are kept unchanged.
The short circuit transformer temperature rise test method in accordance with GB1094.2 is adopted in the experiments [5] . First, a current corresponding to the total loss of the transformer is applied. When the top layer oil temperature change is less than 1K and maintained for 3 hours, i.e., the temperature rise reaches stable, then the applied current is turned down to the transformer's rated current and maintained for 1 hour. The winding temperature is measured using the resistance method. The first valid data was measured within 2 min after the power supply is cut off, and the measurement lasts for 20 min recording data in every half minute. The temperature on the winding θ ω at the moment when power is cut off, θ 2 , is then calculated by extrapolation method as shown in formula (1), and the average temperature rise of the winding θ ω is calculated as shown in formula (2). 
Where, θ 2 is the average winding temperature at the moment when the power supply is turned off. R 1 , and R 2 are the resistance value of the winding under ambient temperature and at the moment when the power supply is turned off. △θ ofm is the average temperature drop in the oil during the stage of applying rated current. θ a is the temperature of the external cooling medium at the end of the stage when the current corresponding to the total loss of the transformer is applied.
THE TEST RESULTS
Under the horizontal layout as shown in Figure 1 , when the distance is 6.4 m between the transformer and the radiator, the temperature rise of the oil at different position is shown in Figure 4 . Under the vertical layout as shown in Figure 2 , when the distance between the radiator and the transformer body is 5.2 m and the radiator is lifted 5.75 m, the temperature rise of the oil at different position is shown in Figure 5 .
According to the judging condition of stable temperature rise in the testing standard [5] , it is seen from Figure 4 and Figure 5 that the stable temperature rise time is about 540 min, both in horizontal and vertical layout cases. The measured stable oil temperature rise and the average temperature rise of the windings in different layout cases are shown in Table 2 . 
ANALYSIS OF THE TEST RESULTS
The temperature rise of top layer oil and the windings are closely related to the performance and life of the transformer insulation material, and reflect the working status of the transformer also [6, 7] . The temperature difference between the oil in the inlet and the outlet reflects the heat dissipation power of the radiator and could be used in the speculation of the oil flow rate in the cooling fins. Under constant oil amount conditions, the greater the heat dissipation power, the greater the oil flow rate [8] .
After the test current is applied on the transformer, the core and windings of the transformer are heated because of the iron loss and the copper loss. The heat is transferred to the surrounding transformer oil and causes its temperature rise. The oil density decreases with the increase of the temperature. The nonuniform temperature distribution causes oil flow driving force or buoyancy, which leads the hot oil flows up to the top of the transformer body and enters the radiator through the connecting tube. The oil density at a certain temperature could be calculated by formula (3) [9] , and the pressure difference driving the oil flow along the tube could be calculated by formula (4) [10] .
Where, ρ θ represents the density of the transformer oil at temperature θ, β 0 represents the thermal expansion coefficient of the oil at 0°C. Where, S represents the internal cross-sectional area of the tube. With the increase of the oil temperature in the transformer, the oil flow driving force increases, the oil flow rate and the radiator efficiency increases gradually, which results in the decrease of the oil temperature rise speed in turn. When the transformer loss is balanced with the heat dissipation power of the cooling system, the stable temperature rise is reached. The buoyant force generated by the temperature difference is balanced with the resistance of the pipe wall. Stable oil flow rate is reached in the oil circulation system. In the horizontal (6.4 m distance) and vertical layout cases, the temperature difference between the inlet and outlet oil is shown in Figure 6 . It is shown that the radiator cooling power increased gradually and reaches stable in the test process.
The stable temperature rise in the top layer transformer and in the inlet and outlet oil, as well as the average temperature rise on the HV and LV winding under the horizontal and vertical layout configuration is shown in Table II .
In Table II , it is seen that the winding temperature is always higher than the top layer oil temperature in all layout cases. In the horizontal layout cases, with the increase of the distance between the transformer and the radiator, the stable temperature rise in the oil and the average temperature rise on the winding all increased, but the increment is all less than 6%. Considering the influence of the ambient temperature change during the tests and the measurement error, it can be concluded that the change in horizontal distance between the transformer body and the radiator has little impact on the cooling efficiency.
In the vertical layout case, compared with the horizontal layout case of the same departure distance (5.2 m), no significant difference of temperature rise is observed in the top layer oil and in the inlet and outlet oil. But the temperature rise on the windings is obviously higher than, while the temperature difference between the inlet and outlet oil is obviously smaller than that in the horizontal layout case. It is shown that lifting the radiator reduced the oil circulation speed and hence reduced the heat dissipation efficiency of the radiator. The reduction of the oil circulation speed weakened the heat transfer between the windings and its surrounding oil, leading to a phenomenon that the winding temperature rise reached a high level while the oil temperature rise was still in a low level. This phenomenon indicates that in the radiator lifted cases, the winding temperature rise may be underestimated if only the oil temperature rise is monitored during the transformer operating.
CONCLUSION
The typical split cooling mode and their application in underground HV and EHV substations in Shanghai was investigated. Experimental schemes for the investigation of impact factors on the cooling efficiency are designed. ONAN split cooling tests on oil-immersed transformer under horizontal and vertical lifted radiator layout cases are carried out. From the investigation and analysis of the experimental results, the following main conclusions are drawn.
(1) The ODWF, OF/OF/AN and ONAN split cooling modes are adopted in underground HV and EHV substations in Shanghai. The ODWF mode has the highest cooling efficiency, but its construction complexity and costs are also the highest. The OF/OF/AN mode has the moderate cooling efficiency, construction complexity and costs, but its circulating pumps cause loud noise. The ONAN mode has the advantage of easy layout and lowest costs, but its cooling efficiency is also the lowest.
(2) In the horizontal layout cases with the radiator separated to different distance to the transformer body, the separating distance has little impact on the cooling efficiency.
(3) In the radiator lifted vertical layout case, the oil circulation speed between the transformer and radiator is reduced and hence the cooling efficiency is drawn down. The heat transfer between the transformer windings and its surrounding oil is slow down, resulting in a phenomenon that the temperature rise on the windings may reach a high level while the temperature rise in the oil is still in low level. This phenomenon indicates that, in the lifted plane radiator layout split cooling practices, the existing method of calculating the winding hot point temperature rise needs to be modified to avoid the safety risk of transformer operation.
